Reduced activity of the mitochondrial respiratory chain and in particular of complex I is implicated not only in the etiology of Parkinson's disease but also in other forms of parkinsonism in which striatal neurodegeneration occurs, such as progressive supranuclear palsy.
Introduction
Reduced activity of the mitochondrial respiratory chain and particularly complex I are implicated in the etiology of both Parkinson's disease (PD) and progressive supranuclear palsy (PSP), although these degenerative diseases differ substantially in their clinical features, distinctive pattern of neuronal cell loss, and pathological hallmarks. In PD, dopaminergic neurons in the substantia nigra (SN) degenerate. This degeneration is coupled to the formation of Lewy bodies, spherical proteinaceous structures containing the presynaptic protein ␣-synuclein (Spillantini et al., 1998; Braak and Braak, 2000) .
Conversely, PSP is an atypical parkinsonian syndrome characterized by dorsorostral midbrain atrophy associated with severe neuronal loss in the substantia nigra, loss of striatal GABAergic projecting spiny neurons, and cerebral tau protein pathology (Daniel et al., 1995; Burn and Lees, 2002; Pearce, 2007) .
Experimental studies have reported that generalized complex I inhibition by rotenone damages both nigral and striatal neurons, in a pattern reminiscent of PSP pathology (Ferrante et al., 1997; Höglinger et al., 2003 Höglinger et al., , 2005 Höglinger et al., , 2006 Centonze et al., 2006) .
The inhibition of the complex I shifts the cell into a state of oxidative stress and triggers several bidirectional links with the excitotoxic death pathway that is believed to substantially contribute to neuronal death in both PD and PSP. In a cellular model of PD, rotenone-mediated neurotoxicity was primarily associated with increased oxidative stress and/or proteasomal dysfunction (Betarbet et al., 2000; Sherer et al., 2002 Sherer et al., , 2003a Sherer et al., ,b, 2007 .
Glutamate-mediated excitotoxicity is believed to substantially contribute to neuronal death during degenerative processes, and evidence exists that, at least under certain circumstances, mitochondrial impairment may sensitize neurons to glutamate NMDA receptor-mediated excitotoxicity (Greene and Greenamyre, 1996; Luetjens et al., 2000; Calabresi et al., 2001) . One of the possible explanations for the cell-type-specific vulnerability induced by rotenone in the basal ganglia is the dopamine (DA) dependence of the rotenone-induced neurodegeneration. In fact, it is possible that the high endogenous DA levels present in both the pars compacta of the substantia nigra and the striatum render these structures selectively prone to toxicity induced by mitochondrial complex inhibition.
Glutamate and DA signaling pathways could act synergistically to modulate mitochondrial dysfunction and striatal neurodegeneration Calabresi et al., 2007) . This detrimental synergism could generate a downstream effect causing loss and/or dysfunction of striatal GABAergic spiny neurons.
The aim of the present study is to investigate the acute electrophysiological effects of the inhibition of mitochondrial complex I by rotenone and to analyze whether glutamate, DA, and GABA systems are possible targets for neuroprotection against rotenone-induced striatal neuronal dysfunction. Moreover, because antiepileptic drugs (AEDs) modulate multiple transmitter systems , we have analyzed the possible neuroprotective effects of some AEDs against rotenone-induced neurotoxicity.
Materials and Methods

Preparation and maintenance of slices for electrophysiological recordings.
All the experiments were conducted in conformity with the European Communities Council Directive of November 1986 (86/609/ECC). Corticostriatal coronal slices (thickness, 270 m) and hippocampal slices (thickness, 400 m) were cut from 1 to 2-month-old male Wistar rats (n ϭ 120) (Charles River Laboratories) using a vibratome. Preparation and maintenance of rat corticostriatal slices have been described previously (Calabresi et al., 1997; Picconi et al., 2003) . The hippocampus was extracted and cut in ice-cold artificial CSF (ACSF) with a vibratome into transverse slices, which were allowed to recover in oxygenated ACSF at 30°C for 30 min and then at room temperature for an additional 1-2 h before experimental recordings. A single slice was then transferred to a recording chamber and submerged in a continuously flowing Krebs' solution (34°C; 2.5-3 ml/min) bubbled with a 95% O 2 -5% CO 2 gas mixture. The composition of the solution was as follows (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl 2 , 1.2 NaH 2 PO 4 , 2.4 CaCl 2 , 10 glucose, and 25 NaHCO 3 . Drugs were bath applied by switching the solution to one containing known concentrations of drugs. Total replacement of the medium in the chamber occurred within 1 min.
Electrophysiology. Intracellular recordings of striatal medium spiny neurons were obtained by using sharp microelectrodes pulled from borosilicate glass pipettes backfilled with 2 mol/L KCl (30 -60 M⍀). An Axoclamp 2B amplifier (Molecular Devices) was connected in parallel to an oscilloscope (Hameg Instruments) to monitor the signal in "bridge" mode and to a personal computer for acquisition of the traces using a pClamp9 software (Molecular Devices). After the impalement of the neuron, a small amount of current (5-20 pA) might be injected via the recording electrode when necessary. Only neurons electrophysiologically identified as spiny neurons were considered for the experiments (Calabresi et al., 1997) .
For patch-clamp recordings, neurons were visualized using differential interference contrast (Nomarski) and infrared microscopy (Olympus Europa). Whole-cell recordings (voltage clamp at Ϫ80 mV) were performed with borosilicate glass pipettes (4 -7 M⍀) filled with intracellular solution containing with the following (in mM): 145 K ϩ -gluconate, 0.1 CaCl 2 , 2 MgCl 2 , 0.1 EGTA, 10 HEPES, 0.3 GTP, and 2 Mg-ATP, adjusted to pH 7.3 with KOH. Signals were amplified with a Multiclamp 700B amplifier, recorded, and stored on a personal computer using pClamp10 (Molecular Devices). Whole-cell access resistance was 5-30 M⍀. The rotenone current-voltage relationship ( I-V) was investigated by measuring ramp I-V values (1.5 s ramp Ϫ80 to ϩ40 mV executed in the presence of 1 m rotenone).
Electrodes for extracellular recordings were filled with 2 mol/L NaCl (15-20 M⍀). An Axoclamp 2B amplifier (Molecular Devices) was used for extracellular recordings. The field potential amplitude was defined as the average of the amplitude from the peak of the early positivity to the peak negativity and the amplitude from the peak negativity to peak late positivity (Costa et al., 2004 . A corticostriatal field potential was evoked every 10 s by means of a bipolar electrode connected to a stimulator unit (Grass Telefactor). The stimulating electrode was located in the cortical areas close to the recording electrode or in the white matter between the cortex and the striatum to activate corticostriatal fibers. The recording electrodes were invariably placed within the striatum. For hippocampal field potentials measurements, the stimulating electrode was inserted, under visual control, into the Schaffer collateral fibers, and the recording electrode was inserted into CA1 region. Quantitative data are expressed as a percentage of the field potential amplitudes with respect to the relative control amplitude values, the latter representing the mean of responses recorded during a stable period (15-20 min). All the putative neuroprotective drugs used in the study were applied 15-20 min before the onset of the bath application of rotenone. Off-line analysis was performed using Clampfit (Molecular Devices) and Microcal Origin software. ANOVA and Bonferroni's post hoc test were used for statistical analysis. Values given in the figures and text are mean Ϯ SEM. The significance level was established at *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
Preparation of synaptosomes. Two-month-old Wistar rats were housed at constant temperature (22 Ϯ 1°C) and relative humidity (50%) under a regular light/dark schedule (lights on from 7:00 A.M. to 7:00 P.M.). Food and water were available ad libitum. The animals were killed by decapitation and striata were rapidly dissected at 0 -4°C. Animal care and experimental procedures were conducted in compliance with the institutional guidelines and with international laws and policies (European Communities Council Directive of November 24, 1986, 86/609/EEC).
Rat striata were homogenized in 40 vol of 0.32 M sucrose buffered at pH 7.4 with phosphate (final concentration, 0.04 M). The homogenates were centrifuged at 1000 ϫ g for 5 min to remove nuclei and cellular debris, and synaptosomal fractions were isolated from the supernatants by centrifugation at 12,000 ϫ g for 20 min. The synaptosomal pellets were then resuspended in a standard physiological medium having the following composition (mM): 125 NaCl, 3 KCl, 1. and 5% CO 2 . After labeling, identical aliquots of the synaptosomal suspensions were layered on microporous filters at the bottom of parallel superfusion chambers (Raiteri et al., 1974) thermostated at 37°C. Synaptosomes were then superfused at 37°C with standard physiological solution (flow rate, 0.5 ml/min) aerated with 95% O 2 and 5% CO 2 for a total time of 57 min. After 36 min of superfusion to equilibrate the system, seven consecutive 3-min fractions were collected. Synaptosomes were exposed to rotenone starting at the end of the second fraction collected (t ϭ 42 min) until the end of the superfusion. When used, transporter blockers DL-threo-␤-benzyloxyaspartic acid (DL-TBOA) or 1-[2-[bis(4-fluorophenyl)methoxy]ethyl]-4-(3-hydroxy-3-phenylpropyl) piperazinyl decanoate (GBR12909) were introduced 11 min before rotenone. When indicated, at t ϭ 20 min of superfusion, standard physiological solution was replaced with a solution from which Ca 2ϩ ions were omitted. Appropriate controls were always run in parallel. Fractions collected and superfused synaptosomes were then counted for radioactivity.
The amount of radioactivity released into each superfusate fraction was expressed as a percentage of the total synaptosomal tritium content at the start of the fraction collected (fractional efflux). The amount of drug effects were expressed as percentage of increase over basal release and were evaluated as the ratio between the percentage of tritium released into each fraction after the first (b2-b7) and that in the first fraction collected (b1). These ratios were compared with the corresponding values obtained under control conditions (no rotenone added). Differences were analyzed by nonparametric Kruskal-Wallis test followed by MannWhitney U test. Data were considered significant at the level of p Ͻ 0.05.
Rats with 6-hydroxydopamine-induced striatal DA-denervation. Nine deeply anesthetized rats were injected with 6-hydroxydopamine (6-OHDA) (8 g/4 l saline containing 0.1% ascorbic acid) into the medial forebrain bundle at a rate of 0.38 l/min (Picconi et al., 2003) . Seven rats were injected only with vehicle at the same coordinates. Fifteen days later, the rats were tested with 0.05 mg/kg subcutaneous apomorphine, and contralateral turns to the lesion were counted for 40 min. The rats who showed Ͼ200 contralateral turns were put in the group of the DAdenervated animals. Sham-operated animals did not show turning behavior. One and a half months after the lesion, the rats were used for electrophysiological experiments. The severity of the lesion was confirmed afterward by striatal and nigral tyrosine hydroxylase immunohistochemistry (Picconi et al., 2003) .
Immunohistochemistry. After decapitation, the caudal parts of the brain corresponding to the SN were kept in 4% paraformaldehyde for 1 d and finally stored in 25% phosphate-buffered (PB) sucrose for 24 -48 h before cutting. Forty-micrometer-thick coronal sections were cut on a microtome (Microm) and collected in sequence in vials containing 1 ml of PB. Sections at the level of the SN were processed free floating for double immunofluorescence using antibodies against tyrosine hydroxylase (TH) and neuron-specific nuclear antigen (NeuN). Sections were incubated with a mixture of the following antibodies: mouse anti-NeuN (1:200; IgM; Millipore Bioscience Research Reagents) and rabbit anti-TH (1:500; Santa Cruz Biotechnology). After incubation with primary antibodies and subsequent washing with PB, sections were incubated in a mixture of secondary antibodies: cyanine 3 (Cy3)-conjugated donkey anti-mouse IgM and Cy2-conjugated donkey anti-rabbit IgG (1:100; Jackson ImmunoResearch). Sections were mounted in gelatincoated slides, air dried, and coverslipped with Gel-Mount (Biomeda).
For each section, a picture of the SN was taken using the 10ϫ magnification of a confocal microscope CLSM (LSM 510; Carl Zeiss).
Mice transgenic for truncated human ␣-synuclein (1-120). Seven mice transgenic for truncated human ␣-synuclein (1-120), generated as reported previously (Tofaris et al., 2006) , and six wild-type (WT) mice were used for electrophysiological recordings. In these transgenic mice (TG Syn 120), the expression of truncated human ␣-synuclein (1-120), driven by the tyrosine hydroxylase promoter on a mouse ␣-synuclein null background, leads to the formation of pathological inclusions in the substantia nigra and olfactory bulb and to the reduction in striatal DA levels. At the behavioral level, the transgenic mice show a progressive reduction in spontaneous locomotion (Tofaris et al., 2006) .
Chemicals. Powders were dissolved in water or DMSO and then stored at Ϫ20°C in aliquots. Each aliquot was only used the day of experiment and then discarded. Drugs were applied by dissolving them to the desired final concentration in the external Krebs' solution. 
Results
Action on rotenone on extracellularly recorded striatal field potentials
To test whether inhibition of mitochondrial complex I by rotenone was able to alter the electrical neuronal activity in a corticostriatal brain slice preparation, field potentials were recorded from the striatum after the activation of glutamatergic corticostriatal inputs. As shown in Figure 1 A, rotenone induced a progressive reduction of the field potential amplitude. After 30 -35 min of application of this toxin, the loss of the field potential amplitude was almost complete by using a dose of 1 M. As shown in Figure 1 A, the effect of rotenone was concentration dependent (at least n ϭ 10 for each concentration). After the washout of this toxin, no recovery of the field potential was observed at all doses used (n ϭ 10 for each concentration) (data not shown). This observation suggests that rotenone causes irreversible electrophysiological alterations in striatal neurons probably reflecting neuronal death (Centonze et al., 2006; Tozzi et al., 2007) .
Action of rotenone on striatal spiny neurons intracellularly recorded in vitro
The effect of rotenone was also investigated by using intracellular recordings from 58 electrophysiologically identified principal spiny neurons. The main characteristics of these cells have been described in detail previously (Calabresi et al., 1997 ). These cells had high resting membrane potential (Ϫ84 Ϯ 5 mV), low apparent input resistance (39 Ϯ 9 M⍀), and action potentials of short duration (1.1 Ϯ 0.3 ms) and high amplitude (102 Ϯ 4 mV). These cells were silent at rest and showed tonic firing activity during a long-duration depolarizing pulse. At the concentration of 1 M, rotenone induced a slow membrane depolarization starting after 5-10 min from the onset of the perfusion (n ϭ 35) ( Fig. 1 B) . The rotenone-induced depolarization reached a plateau after 30 min from the onset of the application, when the membrane potential of the neuron was approximately Ϫ20 mV ( Fig. 1 B) . Also in this case, the electrophysiological effect induced by the toxin was irreversible after its washout (n ϭ 5) (data not shown). It is worth noting that the rotenone-induced membrane depolarization was coupled to a reduction of the input resistance of the recorded cells (n ϭ 7) (data not shown).
Action of rotenone on CA1 hippocampal field potentials
To better estimate the specificity of the toxic action of rotenone in striatum, we compared the effect of rotenone on corticostriatal field potentials with that one observed on CA1 hippocampal field potentials (1, 30, and 100 M) (n ϭ 7 for each concentration). The CA1 hippocampal area is, in fact, a brain region highly vulnerable to energy deprivation induced by either ischemia or oxygen and glucose deprivation (Sims and Pulsinelli, 1987; Calabresi et al., 2000) . Field potentials were recorded in the CA1 region after the activation of collateral Schaffer inputs. Interestingly, as reported in Figure 1C , 1 M rotenone produced, at 35 min, only a slight reduction of the hippocampal field potential amplitude (17 Ϯ 4.8%), suggesting a considerably less pronounced sensitivity of this structure to rotenone compared with striatum. Accordingly, higher concentrations (30 and 100 M) of rotenone were required to produced an almost complete loss of the hippocampal CA1 field potentials (see traces and time course in Fig. 1C ).
Rotenone produces an inward current in striatal spiny neurons recorded by whole-cell patch-clamp configuration To further characterize the response of striatal spiny neurons to rotenone, we performed whole-cell patch-clamp recordings from these cells. Also in these experimental configuration, spiny neurons exhibited tonic firing discharge evoked by depolarizing current pulses (Fig. 2 A) and inward rectification detected by current-voltage plots (Fig. 2 B, C) . The mean holding current for these cells was ϩ98.1 Ϯ 8.9 pA (n ϭ 12; V hold ϭ Ϫ80 mV). Bath application of 1 M rotenone produced an inward current (Fig. 2 D, E) whose time course mimicked the membrane depolarization observed in current-clamp experiments performed with sharp electrodes (Fig. 1 B) . The mean amplitude of the rotenoneinduced inward current, measured at 30 min from the onset of the application, was ϩ267 Ϯ 27.8 pA (n ϭ 9) (Fig. 2 D, E) . We also measured the reversal potential of this current by applying voltage ramps (from Ϫ80 to ϩ40 mV) before and during the application of rotenone (25-30 min from the onset of the application). The reversal potential was Ϫ18 Ϯ 5 mV (n ϭ 5) (data not shown).
Rotenone enhances glutamate and DA release from striatal synaptosomes by reverting DA and glutamate carrier activity Both endogenous glutamate and DA might play a role in the rotenone-induced toxicity (Greene and Greenamyre, 1996; Di Filippo et al., 2006; Höglinger et al., 2006 3 H]DA in a concentration-dependent manner, the highest effect being observed at the concentration of 1 M (Fig. 3C ) (n ϭ 4 in triplicate; *p Ͻ 0.05). Also in this case, the effect of rotenone (1 M) was partially reduced by either GBR12909 (0.1 M), a selective blocker of DA transporter, or Ca 2ϩ ion deprivation ( Fig. 3D ) (n ϭ 4 in triplicate; *p Ͻ 0.05), although to a different extent. Both GBR12909 or Ca 2ϩ removal did not affect, on their own, the spontaneous release of [ Targeting glutamate receptors fails to exert neuroprotective effects Because the rotenone-induced release of excitatory amino acids was dependent on the reversal activity of the glutamate transporter, we tested whether the selective inhibition of the glutamate transporter by DL-TBOA was able to exert a neuroprotective effect on the irreversible loss of the field potential amplitude induced by this toxin. As shown in Figure 4 A, 10 M DL-TBOA did not significantly alter the irreversible electrophysiological effects induced by 1 M rotenone (n ϭ 6; p ϭ 0.89) and did not change the time course of the field potential amplitude in the presence of 0.1 M rotenone (n ϭ 5; p ϭ 0.94).
We further tested the possible role of glutamatergic neurotransmission on the rotenone-induced neuronal dysfunction by analyzing whether the application of the NMDA receptor antagonists could exert a neuroprotective action against the irreversible electrophysiological effects caused by this toxin (Centonze et al., 2006) . As shown in Figure 4 B, neither 30 M MK-801, a potent noncompetitive antagonist of the NMDA receptor, nor 10 M memantine, a low-affinity noncompetitive NMDA receptor antagonist, altered the rotenoneinduced effects. Also, 50 M APV, a competitive NMDA receptor antagonist, failed to prevent or to reduce the rotenone-induced effects (n ϭ 5 for each drug; p ϭ 0.85, p ϭ 0.93, and p ϭ 0.82, respectively). Accordingly, as reported in Figure 4C , both 50 M APV and 10 M CNQX, an AMPA receptor antagonist, did not alter the rotenone-induced membrane depolarization of striatal spiny neurons intracellularly recorded. Conversely, the NMDA receptor antagonists, at the same concentrations, were able to significantly reduce the irreversible reduction of the field potential amplitude caused by 3-NP, a mitochondrial toxin selectively blocking complex II Saulle et al., 2004 ) (n ϭ 6 for each drug; *p Ͻ 0.05 for both drugs) (Fig. 4 D) .
Neuroprotective effects by selectively targeting D 2 -like mediated dopaminergic transmission: the role of the GABA system Because we have shown that exposure of rat striatal synaptosomes to rotenone elicited also a marked and prolonged release of [ 3 H]DA, in a subsequent set of electrophysiological experiments, we analyzed the possibility that endogenous DA influences the electrophysiological changes induced by rotenone. Thus, we first preincubated the slices with 1 M GBR12909 to modulate the level of endogenous DA by blockade of DA transporter. As shown in Figure 5A , this experimental procedure did not significantly affect the time course of the rotenone-induced electrophysiological changes (n ϭ 6; p ϭ 0.10). We then tested whether the selective antagonism of either D 1 -like DA receptors or D 2 -like receptors could influence the effects of the toxin. As shown in Figure  5A , the application of 10 M SCH23390, an antagonist of D 1 -like receptors, did not affect the rotenone-induced alterations (n ϭ 5; p ϭ 0.98). Conversely, bath application of 10 M L-sulpiride, an antagonist of D 2 -like receptors, significantly delayed the irreversible electrophysiological changes triggered by rotenone (n ϭ 7; **p Ͻ 0.01) (Fig. 5B ). To better address the effect of L-sulpiride in modulating the rotenone-mediated effect in striatum, we also performed recordings of striatal spiny neurons by using either intracellular recordings with sharp electrodes or whole-cell patch-clamp recordings. The D 2 -like receptor antagonist L-sulpiride (10 M) significantly delayed the rotenone-induced membrane depolarization. We also investigated whether the effect of L-sulpiride could be influenced by glutamatergic transmission. As shown in Figure 5C , the effect of L-sulpiride was not different when applied together with the glutamate receptor antagonists APV (50 M) plus CNQX (10 M) (n ϭ 5; p Ͼ 0.05). APV plus CNQX did not affect per se the rotenone-mediated membrane depolarization (Fig. 5C ) (n ϭ 4; p Ͼ 0.05).
As shown in Figure 5D , also the rotenone-mediated inward current, measured in patch-clamp recordings, was significantly reduced when the slices were preincubated (15 min) with 10 M L-sulpiride (n ϭ 6; ***p Ͻ 0.001; sulp vs control), further supporting the role of endogenous DA in affecting the electrophysiological changes produced by rotenone in striatum. It has been reported that activation of D 2 receptors in the striatum decreases GABA-mediated synaptic transmission . Therefore, it is conceivable that the neuroprotective effect observed in the presence of L-sulpiride is attributable to the blockade of the D 2 -mediated depression of GABAergic striatal transmission. Accordingly, experimental findings support the hypothesis that a decrease of GABA-mediated transmission is highly detrimental in conditions of energy deprivation (Costa et al., 2004). In line with this hypothesis, the neuroprotective effect of L-sulpiride was reversed by a very low concentration of the GABA A receptor antagonist bicuculline (3 M; n ϭ 5; p ϭ 0.91) (Fig. 5E ) as well as by picrotoxin (30 M; n ϭ 5; p ϭ 0.93) (Fig.  5E ), a drug blocking the GABA-activated chloride ionophore, suggesting that endogenous GABA is implicated in the neuroprotective effects of L-sulpiride. None of the tested drugs affected per se the field potential amplitude.
Because it has been reported that D 1 -like and D 2 -like DA receptors exert an opposite influence on striatal GABA release (Harsing and Zigmond, 1997) , we investigated whether the concomitant antagonism of D 1 -like receptor would counteract the neuroprotective effect exerted by L-sulpiride alone. Accordingly, we found that, in the presence of L-sulpiride plus SCH23390, rotenone produced effects similar to those observed under control conditions (n ϭ 6; p ϭ 0.82) (Fig. 5B) .
Complete DA denervation induced by 6-OHDA does not affect the rotenone-induced electrophysiological effects Because L-sulpiride was able to modulate the electrophysiological effect of rotenone suggesting a possible involvement of endogenous DA, we further analyzed the possible role of this neurotransmitter in the effects of rotenone by using the 6-OHDA experimental model of PD (Picconi et al., 2003) . In fact, the unilateral nigral lesion by 6-OHDA induces a complete striatal denervation. In slices obtained from fully DA-denervated rats (n ϭ 9), rotenone induced a progressive reduction of the field potential amplitude that was not significantly different from that observed in sham-operated rats (n ϭ 7; p ϭ 0.93) (Fig. 6 A, B) .
Slices obtained from mice transgenic for truncated human ␣-synuclein show rotenone-induced electrophysiological responses similar to those obtained in WT mice
Mitochondrial impairment at complex I, oxidative stress, and ␣-synuclein aggregation have been implicated in PD pathogenesis, but how they are related to each other is unclear. Thus, it is possible that the toxic effects of rotenone could be modified by genetic manipulation of ␣-synuclein. Mice transgenic for truncated human ␣-synuclein (1-120) show pathological inclusions in the substantia nigra, partial but significant decrease in striatal DA levels, and progressive reduction in spontaneous locomotion (Tofaris et al., 2006) . For these reasons, we tested whether in these transgenic mice (n ϭ 7) the electrophysiological response to rotenone could differ from that seen in WT animals (n ϭ 6). As shown in Figure 6C , the progressive loss of field potential amplitude induced by rotenone was similar in slices obtained from these two experimental groups ( p ϭ 0.91).
Carbamazepine, but not other AEDs, exerts neuroprotective effects against rotenone-induced toxicity AEDs target more molecular sites in the brain, altering voltageoperated ion channels and chemical transmission through the interaction with neurotransmitters receptors, their metabolism, and ion channels Costa et al., 2004 Costa et al., , 2006 Rogawski and Löscher, 2004) . The interaction with these multiple sites decreases abnormal brain excitability and protects vul- nerable neurons in conditions requiring a high energy demand such as neuronal hyperactivity as well as metabolic impairment (Calabresi et al., 2000 . For this reason, we investigated the possible neuroprotective effects of various AEDs against the irreversible functional alterations caused by rotenone in striatal neurons. As reported in Figure 7 , A and B, only 30 M CBZ significantly reduced the electrophysiological changes caused by rotenone (n ϭ 8; ***p Ͻ 0.001), whereas 10 M LTG, 100 M TPM, or 300 M VPA did not exert significant neuroprotection (n ϭ 8 for each drug; p Ͼ 0.05). The application of 30 M CBZ for 15-20 min did not alter per se the amplitude of the field potential (data not shown). The neuroprotective effect of CBZ was concentration dependent, with an EC 50 of 11.8 M (Fig. 7C) .
To further analyze the CBZ-induced neuroprotection against the rotenone-induced neurotoxicity, we also performed intracellular recordings with sharp microelectrodes. Interestingly, the preincubation of the slices with 30 M CBZ significantly delayed the onset of the rotenone-induced membrane depolarization (n ϭ 5; *p Ͻ 0.05) (Fig. 8 A, B) . This concentration of CBZ did not alter per se the membrane potential and the input resistance of the recorded neurons (data not shown). We also investigated the action of CBZ by whole-cell patch-clamp recordings; accordingly, 30 M CBZ significantly depressed the rotenone-mediated inward current (n ϭ 6; ***p Ͻ 0.0001, CBZ vs control) (Fig. 8C) .
TTX does not affect per se rotenone-induced effects, but it blocks carbamazepine-induced neuroprotection
Modulation of gating of the brain Na ϩ channels accounts for the efficacy of several AEDs in epilepsy (Rogawski and Löscher, 2004) . In particular, blockade of Na ϩ channels has been considered one of the major mechanisms implicated in the therapeutic action of CBZ. Thus, to explore the possibility that the neuroprotective effect exerted by CBZ against rotenone-induced electrophysiological alterations was mediated by an inhibitory action on Na ϩ channels, we analyzed whether the CBZ-mediated neuroprotection was mimicked by TTX, a selective Na ϩ channel blocker. Surprisingly, 1 M TTX did not exert any neuroprotective effect per se with respect to control (n ϭ 4; p ϭ 0.99), although it fully abolished the neuroprotective effect of CBZ on rotenone-induced membrane depolarization (n ϭ 5; *p Ͻ 0.05) (Fig. 8 D) . These latter findings suggest that the inhibition of Na ϩ channels is not directly implicated in the neuroprotective effects of CBZ, although this AED seems to exert its action against rotenone-induced toxicity via a mechanism requiring intact synaptic transmission. In fact, TTX does not only block postsynaptic Na ϩ channels, but it also inhibits synaptic transmission via a presynaptic mechanism of action.
Endogenous GABA is critically involved in the carbamazepine-mediated neuroprotection via GABA A but not GABA B receptors Which is the endogenous neurotransmitter involved in the neuroprotective action of CBZ? To address this issue, we analyzed the possible involvement of endogenous GABA in the neuroprotective action of CBZ against rotenone effect. In particular, we tested whether a low concentration of bicuculline was able to block the neuroprotective action of CBZ. As shown in Figure 8C , 3 M bicuculline fully abolished the effect of CBZ on the rotenoneinduced membrane depolarization (n ϭ 4; p ϭ 0.99) suggesting also that the neuroprotective effect of this AED is critically dependent on the modulation of endogenous GABA. The same concentration of bicuculline did not alter per se the membrane potential and the input resistance of the recorded neurons (data not shown). Interestingly, the neuroprotective effect of CBZ was also blocked by 30 M picrotoxin (n ϭ 5; p ϭ 0.90) (data not shown).
We also confirmed the critical role of GABA A receptors in the CBZ-mediated neuroprotective effects by a field potential analysis. In fact, 3 M bicuculline fully blocked the neuroprotective effects of CBZ on field potential amplitude (n ϭ 6; ***p Ͻ 0.001), but this GABA A receptor antagonist changed per se neither the field potential amplitude nor the rotenone-induced electrophysiological changes (Fig. 9B) . Also in this case, the effect of CBZ was blocked by picrotoxin (30 M) application (n ϭ 6; p ϭ 0.92) (Fig.  9B) .
Because AEDs targeting GABAergic transmission can exert neuroprotective effects against energy deprivation by increasing endogenous GABA levels and via the activation of both GABA A and GABA B receptors (Costa et al., 2004) , we tested whether the neuroprotective effect of CBZ also involved the latter. The application of 100 M CGP46381 neither altered per se the effect of rotenone on the field potential amplitude (n ϭ 4; p ϭ 0.99) (Fig. 9B ) nor affected the CBZ-mediated neuroprotective effects against rotenone (n ϭ 4; ***p Ͻ 0.001) (Fig. 9B) , suggesting that GABA B receptors are not required for the CBZ-mediated neuroprotection.
The neuroprotective effects against rotenone exerted by L-sulpiride and CBZ are mutually occlusive Because the neuroprotective effects against rotenone exerted by either L-sulpiride or CBZ require endogenous GABA, these actions should be mutually occlusive. To investigate this hypothesis, we coapplied 10 M L-sulpiride and 30 M CBZ (n ϭ 7) (Fig. 9C) . As shown in Figure  9C , the neuroprotective effect obtained by coapplying these drugs was not increased compared with that one observed giving a single drug in isolation. Surprisingly, although there was no significant difference in the amplitude of neuroprotection by comparing the effect of L-sulpiride alone with that one obtained after the coapplication of the two compounds (p Ͼ 0.05), the neuroprotective effects of CBZ given alone was even reduced when this drug was coadministered with L-sulpiride (***p Ͻ 0.001). These occlusion experiments further support the hypothesis that L-sulpiride and CBZ share, at least in part, the mechanism underlying the neuroprotective action against striatal neuronal dysfunction induced by mitochondrial complex I inhibition.
Discussion
In PD, nigral neurons degenerate, whereas postsynaptic striatal neurons are spared (Braak and Braak, 2000) . Conversely, in some atypical parkinsonian syndromes, such as PSP, mainly striatal neurons degenerate (Daniel et al., 1995; Burn and Lees, 2002) . Reduced activity of complex I of the mitochondrial respiratory chain has been implicated in both these clinical conditions (Schapira et al., 1990; Dawson and Dawson, 2003; Höglinger et al., 2005 Höglinger et al., , 2006 Di Filippo et al., 2006; Sherer et al., 2007) . Exposure to the pesticide rotenone damages striatal spiny neurons by inhibiting mitochondrial complex I (Ferrante et al., 1997; Fleming et al., 2004) . Thus, the electrophysiological characterization of the effects of rotenone in the striatum as well as the possible neuroprotective strategies resulting from this study might have profound clinical implications.
Rotenone causes a concentration-dependent and irreversible loss of the corticostriatal field potential amplitude correlated to the development of a membrane depolarization/inward current in striatal spiny neurons. The rotenone-induced inward current was coupled to an increased membrane conductance, and it reversed at approximately Ϫ18 mV. This reversal potential suggests the involvement of a nonselective cationic conductance (Calabresi et al., 1997 (Calabresi et al., , 1999 (Calabresi et al., , 2000 Centonze et al., 2001; Saulle et al., 2004) , although a possible increase in a generic leak conductance may partly be associated.
Because both striatal and hippocampal CA1 neurons are highly vulnerable to ischemia and metabolic stress (Sims and Pulsinelli, 1987; Calabresi et al., 2000) , we tested the selective vulnerability to rotenone by comparing its effects in these brain areas. The concentrations of rotenone required to produce an almost complete loss of the field potential amplitude in the CA1 hippocampal area were much higher than those necessary to pro- Figure 6 . The electrophysiological effects of rotenone are not affected in rats with complete striatal dopamine denervation by 6-OHDA and in mice transgenic for truncated human ␣-synuclein. A, Representative sections of TH (green) and NeuN (red) double immunostaining in rats with 6-OHDAinduced lesion of the substantia nigra pars compacta. On the left (ipsi) is shown the lesioned side, and ontheright(contra)isshownthecontralateralpart.Scalebar,100m.B,Thegraphshowsthattime course and the amplitude of the rotenone-induce electrophysiological effect were not different in DA-denervated and sham-operated rats. C, The effect of this toxin was similar in mice transgenic for truncated human ␣-synuclein (␣-syn120 mice) and in wild-type mice. duce similar effects in the striatum, suggesting that this mitochondrial toxin reveals cell-type-specific differences in sensitivity after inhibition of mitochondrial complex I. A concentration of rotenone causing the electrophysiological effects in striatal slices was also able to increase the release of excitatory amino acids and DA from striatal synaptosomes. Ca 2ϩ -dependent exocytosis and the reversal of neurotransmitter transporters represent the two main mechanisms of exit usually implicated in release from nerve terminals. Accordingly, Ca 2ϩ omission in the external medium significantly attenuated the rotenone-induced release of excitatory amino acids and DA from striatal synaptosomes suggesting the involvement of an exocytotic mechanism for both these transmitters. Nevertheless, the effect of rotenone on the release of excitatory amino acids was reduced even more potently by DL-TBOA, a selective blocker of glutamate transporter, indicating also the involvement of the reversal of neurotransmitter transporter. DL-TBOA, however, did not reduce the electrophysiological effects of rotenone, showing that the modulation of glutamate release does not seem to play a central role in the irreversible electrophysiological changes induced by this toxin in the striatum. The lack of neuroprotective effects of the modulation of excitatory transmission against rotenone-induced irreversible electrophysiological effects was further confirmed by using either competitive or noncompetitive NMDA receptor antagonists as well by blocking AMPA receptors.
The experiments dealing with the possible neuroprotective effects obtained by targeting the striatal DA system provided more puzzling but interesting results. Although GBR12909 significantly reduced the rotenone-induced release of DA, this selective blocker of the DA transporter was ineffective against the electrophysiological effects of this toxin. Moreover, the irreversible electrophysiological effects of rotenone on striatal neurons were not attenuated by the complete striatal DA denervation achieved by the 6-OHDA rat model (Picconi et al., 2003) or in mice transgenic for truncated human ␣-synuclein (1-120) showing a partial reduction of striatal DA (Tofaris et al., 2006) . Surprisingly, in control rats, whereas the antagonism of D 1 -like DA receptors by SCH23390 did not cause significant electrophysiological effects, the application of L-sulpiride, a D 2 -like DA receptor antagonist, significantly attenuated the effect of this toxin on field potentials, membrane potentials, and inward currents.
What is the mechanism underlying this neuroprotective effect? Activation of D 2 -like DA receptors in the striatum exerts multiple actions (Bozzi and Borrelli, 2006) . Thus, several mechanisms might be potentially involved in the protective effects of L-sulpiride against rotenone. The possibility that the glutamate and DA signaling pathways could synergistically be responsible of a mitochondrial dysfunction and impairment of the neuronal integrity has been explored by simultaneously blocking both the NMDA/AMPA glutamate and D 2 -like DA receptors. Our findings, however, did not suggest any contribution of glutamate in modulating the electrophysiological effects of L-sulpiride. Thus, one of the likely putative mechanisms is the removal of the D 2 receptor-mediated inhibition of striatal GABA release. The activation of D 2 receptors in the striatum decreases GABAmediated synaptic transmission An et al., 2004) . Thus, it is conceivable that the effect of L-sulpiride is attributable to the removal of the D 2 -mediated depression of GABAergic striatal transmission. Accordingly, the effect of L-sulpiride against rotenone was reversed by a very low dose of the GABA A receptor antagonist bicuculline as well as by the chloride channel blocker picrotoxin. Interestingly, suppression of inhibitory GABAergic transmission is highly detrimental, particularly during energy deprivation, and the positive modulation of endogenous GABA can represent a potential neuroprotective strategy in clinical conditions requiring a high energetic demand (Costa et al., 2004) .
DA can exert an excitatory influence on depolarizationinduced GABA release within the striatum via D 1 -like receptors and an inhibitory influence via D 2 -like receptors, suggesting an opposite function of these two receptors on striatal GABA release (Harsing and Zigmond, 1997) . In line with the hypothesis that the effect of L-sulpiride is mediated by a GABA-mediated mechanism, we found that the electrophysiological effect of this D 2 receptor antagonist is blocked when it is coadministrated with the D 1 -like receptor antagonist SCH23390. One of the effects of D 1 receptor activation is excitation of GABAergic striatal interneurons (Bracci et al., 2002) , and this could explain why the action of L-sulpiride is blocked when it is coadministrated with a D 1 -like receptor antagonist. Decreased GABA release from such interneurons is expected under these conditions as a result of decreased D 1 receptor excitatory influence.
AEDs represent a clinically available strategy to increase GABAergic transmission. Several AEDs, in fact, enhance GABAmediated inhibition via different mechanisms (Rogawski and Löscher, 2004; Meldrum and Rogawski, 2007) and mediate neuroprotective effects Costa et al., 2004 Costa et al., , 2006 . We tested several AEDs, whose action possibly involves the potentiation of GABAergic inhibition Costa et al., 2004 Costa et al., , 2006 Rogawski and Löscher, 2004; Meldrum and Rogawski, 2007) , against the effects of rotenone. Surprisingly, among various tested AEDs, CBZ was the only drug able to exert a neuroprotective effect against rotenone. The CBZmediated neuroprotection was dose dependent, and its EC 50 (11.8 M) fell within the therapeutic range estimated for this AED in clinical studies (Morselli et al., 1977) . CBZ not only prevented the rotenone-induced suppression of the field potential amplitude, but it also significantly reduced the membrane depolarization/inward current triggered by this mitochondrial toxin. The neuroprotective effect of CBZ was not mimicked by TTX, indicating that the inhibition of Na ϩ channels does not represent a major mechanism of neuroprotection against the rotenoneinduced toxicity. TTX, however, was able to prevent the neuroprotective effect of CBZ against rotenone, suggesting that a TTXsensitive synaptic mechanism is required for the CBZ-mediated neuroprotection.
In line with the results obtained for L-sulpiride, also the neuroprotective action of CBZ was blocked by bicuculline and picrotoxin but not by a GABA B antagonist, further supporting the hypothesis that neuroprotective mechanisms against rotenoneinduced neuronal dysfunction mainly involve an enhancement of GABA-mediated inhibition via activation of GABA A receptors. Moreover, occlusion experiments using coapplication of both L-sulpiride and CBZ have not shown an additive effect of these two compounds, further supporting the hypothesis that they share the same mechanism of action.
An interaction between CBZ and the GABA-mediated inhibition has not been considered in the past as a major mechanism for the antiepileptic effect of this drug, and other AEDs have been classically related to the modulation of this transmitter system (Rogawski and Löscher, 2004; Meldrum and Rogawski, 2007) . In fact, the antiepileptic mechanisms of CBZ have been related to the effects on voltage-gated sodium channels and on the release of glutamate and other transmitters (Okada et al., 1997 (Okada et al., , 1998 (Okada et al., , 2002 Kawata et al., 2001; Murakami et al., 2001 ) although the involve-ment of endogenous GABA has not been fully characterized. However, recent microdialysis experiments in the rat hippocampus have shown that therapeutically relevant concentration of CBZ increases basal GABA release without affecting basal glutamate release by modulating intracellular Ca 2ϩ via the ryanodine receptor (Yoshida et al., 2007) .
A previous interesting study has shown that nanomolar concentrations of rotenone cause suppression of single-pulse evoked DA release monitored by carbon-fiber microelectrodes in guinea pig striatal slices, hydrogen peroxide generation, and membrane depolarization in spiny neurons (Bao et al., 2005) . In the present study, we had difficulty in producing consistent electrophysiological effects in "healthy" striatal spiny neurons using such a low concentrations of rotenone. Possible specie differences (rat and mouse in our study vs guinea pig) might critically influence the obtained.
In the present study, we have focused on the effects of rotenone on striatal spiny neurons. Interestingly, this toxin produces complex membrane responses in another striatal neuronal subtype such as the cholinergic interneuron (Bonsi et al., 2004) . Application of rotenone in striatal cholinergic interneurons triggers an early membrane hyperpolarization followed by a late depolarizing response (Bonsi et al., 2004) . The early hyperpolarization observed in cholinergic neurons, which is absent in spiny neurons, may represent an intrinsic membrane neuroprotective mechanism that might account for the differential neuronal vulnerability of these two striatal neuronal subtypes during metabolic stress (Calabresi et al., 1997 (Calabresi et al., , 2000 Centonze et al., 2001) .
Future studies using animals chronically exposed to low doses of rotenone are required to confirm the hypothesis that both D 2 receptor antagonism and treatment with CBZ exert a neuroprotective effect against inhibition of mitochondrial complex I via a GABA A -mediated mechanism.
